Mice of some inbred strains, such as 21-dayold DBA/2J mice, have generalized convulsions when exposed to intense auditory stimulation. Analysis of susceptibility to audiogenic seizures in BXD recombinant inbred strains has demonstrated the influence of at least three loci. One locus, Asp-], is located on chromosome 12 between Ah and D12Nyul; another locus, Asp-2, is on chromosome 4, tightly linked to b.
Convulsive seizures can be induced in experimental animals by intense auditory stimuli (1, 2). Susceptibility to audiogenic seizures (AS) varies widely between inbred strains of mice (2, 3) . The genetic basis for the difference in susceptibility to AS between DBA and C57BL mice has been studied several times since the strain difference was discovered by Hall (1) . The typical AS consists of wild running followed by a clonic seizure and then a tonic seizure that is usually fatal, unless the mouse is resuscitated (1, 2, 4) . DBA/2J (D2) mice are susceptible from 14 to 42 days of age with peak sensitivity at 21 days (5), whereas C57BL/6J (B6) mice are resistant to intense auditory stimuli. Variation in AS susceptibility has been attributed to a single locus (6) (7) (8) , two loci (9, 10) , and multifactorial (or polygenic) modes of inheritance (11) (12) (13) (14) . The differing conclusions of these investigators can be attributed to many causes, including the use of different DBA and C57BL sublines, mice of different ages, and different experimental protocols (4, 15, 16) .
Testing of the BXD series of recombinant inbred (RI) strains and F1 hybrids from crosses between BXD RI strains and D2 revealed that at least three loci are involved in the genetic variation in AS susceptibility in crosses between D2 and B6 mice (14) . Two of these loci have already been given chromosomal assignments. Asp-] (audiogenic seizure prone-1, formerly Ias) is tightly linked to the Ah locus on chromosome 12 (13, 14, 17) , and Asp-2 (formerly asp) is located on chromosome 4 (7, 8) , tightly linked to b (brown) (14) .
Here we report the mapping of Asp-3 by a reevaluation of published data (8, 13, 14, (17) (18) (19) in the light of advances in our understanding of the mode of inheritance of susceptibility to AS in crosses of D2 and B6 mice. We also report the results of reciprocal backcrosses that confirm the conclusions of the genetic dissection.
MATERIALS AND METHODS
The data from two multipoint crosses reported by Collins (8) were recompiled and reexamined in an attempt to place Asp-2 on the linkage map (see Tables 1 and 2 ). In the first experiment, C57BL/6J-+ Pt Gpd-1a/+ + Gpd-Ja and DBA/2J-b + Gpd-lb/b + Gpd-lb mice were crossed, and the pintail (Pt/+) progeny were backcrossed to the D2 parent. In the second breeding protocol, misty (C57BL/6J-+ m/+ m) and DBA/ 2J-b +/b + mice were crossed, and the F1 progeny were intercrossed. Twenty-one-day-old progeny of the backcrosses and intercrosses were tested for susceptibility to AS as has been described (8) . Apparent recombination frequencies with the marker loci were calculated for AS by treating the occurrence of AS as a mendelian recessive trait, although AS susceptibility has already been established as a multifactorial trait.
The previously published results of testing D2, B6, and 23 BXD RI strains (13, 17, 18) and the F1 hybrids from crosses to D2 (14, 18, 19) for susceptibility to AS at 21 days of age are presented in Table 3 . The response of each mouse was scored on the basis of the most severe phenomenon seen (i.e., no response = 0, wild running = 1, and clonic or tonic seizure = 2), and a mean seizure severity score (MSSS) was calculated for each population. These data were reconsidered after a linkage map position for Asp-2 was derived from the multipoint crosses. Strain distribution patterns (SDPs) were constructed for potential loci influencing susceptibility to AS. These SDPs were compared to a table of published SDPs (20) to assist in mapping these Asp loci.
A/J females were crossed with DBA/1J and D2 males. F1 hybrids of each sex were then backcrossed to A/J mice.
Similarly, coisogenic albino (c2 /c2J) B6 mice were crossed with B6 mice, and F1 hybrids of each cross were reciprocally backcrossed to albino B6 mice.
Twenty-one-day-old mice were placed individually into a clear plastic cylinder (30.5 tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. the pintail backcross (see Fig. 1 ) agree with the results of other investigators. Because susceptibility to AS is largely controlled by at least two other independent loci, the large "recombination frequencies" between AS susceptibility and b, Pt, and Gpd-l cannot be used directly, without further transformation. Assuming no recombination between Asp-2 and Pt, because Pt has the lowest apparent recombination frequency with AS susceptibility (44.2 2.5%), the apparent recombination frequency between AS susceptibility and Gpd-J is predictable. The relationship between r, the recombination frequency with Asp-2, and R, the apparent recombination frequency with AS susceptibility, is linear. Given the assumption of no recombination between Pt and Asp-2, R varies from 0.44 to 0.5 over the range ofr (0-0.50). Therefore, when r is 0.25, the recombination frequency between Pt and Gpd-1, R is 0.47. This estimate agrees remarkably well with the apparent 47.3 + 5.1% recombination between AS susceptibility and Gpd-1. Therefore, Asp-2 appears tightly linked to b and Pt, although the gene order cannot be determined from these data.
The results of testing offspring of an intercross with brown and misty in repulsion (see Table 2 ) suggest that Asp-2 is located between b and m because both marker loci have almost identical apparent recombination frequencies with AS susceptibility (41.2 ± 2.8% and 41.4 ± 3.4%, respectively). If Asp-2 were located outside the interval between b and m, the respective apparent recombination frequencies with AS susceptibility would not be similar. Because the recombination frequency between b and m was 24.4 ± 3.8% in this sample, the recombination frequency between Asp-2 and one of the markers would be >25%, and the apparent recombination frequency between AS susceptibility and this marker would probably be >45% were Asp-2 not in the chromosomal segment bounded by b and m. Therefore, Asp-2 is likely to reside in the segment (=8 centimorgans in length) between b and m.
The hypothesis that at least three loci are involved in AS susceptibility in crosses between B6 and D2 mice is strongly supported by the fact that the RI strains can be divided into five distinct classes (see Table 3 ) (14) . Traits influenced by segregation at three loci may have up to eight phenotypic classes in RI strain sets, so an effort was made to find more classes. BXD-5 has been placed in class 2, separate from class 1, because it differs from the strains in class 1 at the Asp-2 locus (14) . The separation between classes 6 and 7 is somewhat arbitrary. The postulated eighth class may be a null set. At each of the three loci, half of the classes will be homozygous for one parental allele, whereas the rest will be homozygous for the alternate allele. By using this principle, SDPs can be derived for each ofthe three postulated Asp loci.
Two SDPs for Asp-I were considered by Neumann and Seyfried (14) . The first hypothesis holds that the RI strain data are most indicative of the genotype because allelic interactions are eliminated. Application of this hypothesis assigns the Asp-I' allele to RI strains resistant to AS (i.e., classes 5-7) and the Asp-ld allele to those that show moderate or high susceptibility (classes 1-4). The second hypothesis holds that the tests of F1 hybrids may be more indicative of the Asp-I genotype because of a possible reduction in intergenic (nonallelic) interactions. This scheme would assign the Asp-Ib allele to classes 4, 6, and 7 and the Asp-i d allele to classes 1-3, and 5. Surprisingly, both of these SDPs are consistent with a position for Asp-I between Ah and DI2NyuI, so that the placement of Asp-I between these loci on chromosome 12 is fairly certain (14) .
Given the gene order b-Asp-2-m, an SDP for Asp-2 can be derived from the data presented in Table 3 and the SDP for Ifa (21) , which has also been mapped to this 8 centimorgan segment (22) . Each class of RI strains was assigned a genotype at the Asp-2 locus based on the most common genotype at the Ifa locus within the class. Therefore, classes 1, 3, 5, and 6 were assigned the Asp-2d allele, and classes 2, 4, and 7 were Relationship between apparent recombination frequency with AS, treated as a recessive mendelian trait, and an estimate of the recombination frequency with a locus influencing susceptibility to AS in a backcross (see Table 1 ). For illustrative purposes, Asp-2 was assumed to have no recombination with Pintail (Pt). The Pt locus is flanked by brown (b) and Gpd-1. The recombination frequencies between b and Pt and Pt and Gpd-J were 5.6 ± 1.2% and 25.5 ± 4.3%, respectively. assigned the Asp-2b allele (see Table 3 ). This SDP for Asp-2 makes the gene order b-Ifa-Asp-2-m n.ost likely.
Attempts to combine the postulated SDPs for Asp-i and Asp-2 show that the second SDP of Asp-i is incompatible with the hypothesis that three loci are responsible for most of the variation in AS susceptibility because three classes would have the Asp-l d and Asp-2d alleles. If the trait were controlled by three loci, there could be no more than two such classes. Therefore, for the sake of the three-loci model, we have provisionally accepted the first SDP for Asp-l. On the other hand, were the second SDP for Asp-i correct, AS susceptibility must be controlled by four or more loci. This provisional acceptance was subjected to a subsequent test; if an SDP for Asp-3 generated using the-first SDP for Asp-i failed to detect a possible linkage association, the provisional acceptance would have been abandoned.
An SDP for the postulated Asp-3 locus was constructed by assigning the Asp-3d allele to the more AS-prone class in each pair of classes with identical genotypes at the Asp-i and Asp-2 loci. On this basis, classes 1, 2, and 5 were assigned the Asp-3d allele, and classes 3, 4, and 6 were assigned the Asp-3b allele. Class 7 was assigned the Asp-3b allele because these strains were indistinguishable from the B6 parental strain. The proposed SDP for Asp-3 is concordant with the SDP of Mtv-i (23) in 20/23 strains, and it is concordant with that "B" (24) (20) , the probability of randomly selecting an SDP completely concordant with an SDP consisting of 16 concordances between a pair of linked loci is =0.2%.
Confirmation of the linkage of Asp-3 to chromosome 7 was sought in classical crosses. The most convenient linkage marker within 10 centimorgans of the proposed locus for Asp-3 is c, albino. Although a coisogenic albino B6 inbred strain was available, backcrosses to this albino strain are unlikely to be informative about linkage because offspring of similar backcrosses do not differ significantly from B6 inbred mice in susceptibility to AS upon initial testing at 21 days of age or retesting 48 hr later (7) . Therefore, further evidence of linkage of a locus influencing susceptibility to AS to chromosome 7 was searched for in backcrosses involving the mouse strains A/J, which is albino (c/c), D2, and DBA/1J. Unlike B6 mice, which can be "primed" by prior exposure to auditory stimulation (7, 26) , A/J mice are resistant to both initial and "sensitization-dependent" AS (see Table 4 ) (2) .
When the heterozygous parent was female, no association between albinism and susceptibility to audiogenic seizures was evident (see Table 5 ). However, when the sire was the heterozygous parent, a genetic association was seen in crosses with both DBA sublines. When F1 males were backcrossed to A/J females, albino offspring were less susceptible than pigmented littermates on initial testing in both crosses and on retesting in the cross involving DBA/1J mice.
Studies using albino B6 coisogenic inbred mice reveal no influence of the albino (c2') mutation itself on susceptibility to AS (see Table 6 ). No difference in susceptibility was found between offspring of the reciprocal crosses or between albino and pigmented offspring for either initial or sensitizationdependent AS. Thus, we believe the existence of a locus on chromosome 7 that influences susceptibility to AS has been confirmed, although the identity of Asp-3 and the chromo- tThe difference between seizure incidence in albino and brown offspring is significant by x2 test of independence, x2 = 4.36 (P < 0.05). tX2 = 9.15 (P < 0.003). §X2 = 13.17 (P < 0.0005). 9X2=5.89 (P < 0.02).
One mouse that did not exhibit seizure on initial testing died before the second test. DISCUSSION Three loci influencing susceptibility to AS in crosses of D2 and B6 inbred mice have been mapped. These loci account for most of the genetic variability in 21-day-old offspring of these crosses. No evidence exists at present for additional major genes influencing AS susceptibility in 21-day-old mice; however, testing offspring of crosses of D2 and B6 mice at other ages (13, 14) or testing offspring of other crosses (2, 3) is likely to uncover the effects of other major loci.
Palayoor and Seyfried (18) found a significant negative correlation between brainstem Ca2+-ATPase activity (CAA) and mean seizure severity scores in the BXD RI strains. The covariation of these polygenic traits suggests a genetic association. Asp-i and Asp-2 are both associated with differences in CAA in the BXD RI strains (14) . With the SDPs given in Table  3 , mean CAA in RI strains with the Asp-l b allele was 2.55 ,umol of Pi liberated per hr per mg of protein; for Asp-]d, this figure was 2.27; for Asp-2b, 2.57; and for Asp-2d, 2.28. Asp-3 appears to have a similar association with CAA differences. RI strains with the Asp-3b allele have a mean CAA of 2.59, whereas those with the Asp-3d allele have a mean CAA of 2.14. Because the association between low CAA and AS susceptibility is probably not due to linkage, consideration of pleiotropy or a causal relationship is warranted. Evidence supporting a mechanism by which low CAA might increase AS susceptibility was recently reviewed (14) .
A remarkable parental effect was noted in the reciprocal backcrosses to A/J. If one accepts the hypothesis that an Asp locus on chromosome 7 influences susceptibility to AS in crosses of DBA and A/J mice, this observation is consistent with only one explanation. Genomic imprinting appears to be masking the genetic association between chromosome 7 marker loci and AS susceptibility by negating most, or all, of the seizure resistance associated with the allele derived from A/J when it is inherited from female heterozygotes. Because the effect is associated with an autosomal locus, X chromosome-and Y chromosome-linkage, sex-limitation, mitochondrial and maternal inheritance, and other maternal effects do not account for this phenomenon. Genomic imprinting (27) (28) (29) (30) (31) could have been viewed theoretically as an additional source of complexity in linkage analysis and genetic mapping studies; however, to the best of our knowledge, the emphasis on the effect of imprinting on gene expression has obscured this insight. Hall (31) has suggested that genomic imprinting may be responsible for some of the variation seen in several human disorders, such as the higher risk of seizures in offspring of epileptic mothers than in offspring offathers with epilepsy (32) .
There is already reason to believe that genomic imprinting influences loci on chromosome 7; there is failure of complementation of unbalanced gametes (27, 33) . Genomic imprinting of this region may have clinical relevance. Cloned DNA from the proximal region of human chromosome 15q has recently been mapped to mouse chromosome 7 (D7Nicl) (34, 35) , within a few centimorgans of Asp-3 (see Fig. 2 ). This region of chromosome 15q is associated with Angelman syndrome, which includes a severe seizure disorder, and Prader-Willi syndrome, which does not. Apparent differences in parental origins of microdeletions in the two syndromes (38) and detection of maternal uniparental disomy in some patients with Prader-Willi syndrome (39) suggest that the nature of the clinical syndrome may be determined by genomic imprinting.
